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ABSTRACT 

A laser anomometer system employing an efficient 
data acquisition technique has been used to make mea- 
surements upstream* within* and downstream of the com* 
pressor rotor. A fluorescent dye technique allowed 
measurements within endvall boundary layers. Adjustable 
laser beam orientation minimized shadowed regions and 
enabled radial velocity measurements outside of the 
blade row. The flow phenomena Investigated include flow 
variations from passage to passage* the rotor shock sys- 
tem. three-dimensional flows In the blade wake* and the 
development of the outer endvall boundary layer. Laser 
anemometer measurements are compared to a numerical so- 
lution of the streamfunction equations and to measure- 
ments made with conventional Instriimentation. 

INTRODUCTION 

Advances in the aerodynamic technology of turbo- 
machinery are dependent on obtaining a comprehensive 
understanding of the complex physical phenomena which 
occur within the blade passages. Progress is being at- 
tained through improvements in both analytic and exper- 
imental techniques. With the increased availability of 
large scale computers significant advances in computa- 
tional methods for compressor design and analysis are 
being made* As ad'^ances In numerical methods continue* 
there is an Increasing need to make detailed flow mea- 
surements inside blade rows. Such measurements will 
determine flow phenomena such as the distribution of 
turning and losses which are required inputs for some 
numerical methods. They will also generate data for 
use in verifying numerical solutions* 

Cascade tests and the use of rotating instrumen- 
tation in low-speed machines are two experimental ap- 
proaches to the measurement of intra-blade flowflelds. 
However* these approaches cannot provide data on the 
combined effects of high Mach number and high rotation- 
al speeds. High-response pressure measurements and 
non- Intrusive optical measurement techniques such as 
laser anemometry and holographic interferometry are eoc- 
tending flow measurement capabilities in the high-speed 
testing regime beyond those available with conventional 
low- response instrumentation. Applications of laser 
anemometer (LA) systems to axial- flow turbomachlnery 
employing fringe- type anemometers have been reported in 
[ 1 - 3 ]. Applications Involving tioe-of- flight anemome- 
ters have been reported in [4J. 

This paper describes the application of a LA sys- 
tem to a transonic axial- flow compressor rotor. The 
results of several types of measurements which demon- 
strate the system's capability of measuring velocity 
and flow angle in a rotating blade row are discussed. 
However a comprehensive evaluation of the flow in this 
transonic compressor Is beyond the scope of the present 
paper. A detailed description of this LA system is 
contained in [ 5 ]. Since transonic compressor testing 
requires a slgnif leant expenditure of both manpower and 
energy* a rapid data acquisition technique has been de- 


veloped in order to minimize running time. The incor- 
poration of four degrees of freedom in the laser beam 
orientation enables measurement of the radial cotaponent 
of velocity in some cases and the minimizLcion of re- 
gions blocked from optical access by the complex blade 
geometry. 

TEST COMPRESSOR AND INSTRUMENTATION 

Tlie test rotor of the present study was designed 
as an Inlet rotjr for a core compressor. The rotor de- 
sign pressure ratio and mass flow are 1.67 and 215 
kg/m2/s* respectively* at a tip speed of 426 m/s. The 
tip relative Mach number is 1.4 at design speed. The 
rotor has 52 blades, a tip chord length of 44.6 mm* and 
a tip solidity of 1.48. The inlet tip diameter is 508 
ti8Q and the hub- tip radius ratio Is 0.7. For the LA ap- 
plication reported herein* the rotor was tested without 
inlet guide vanes and without a stator blade row. This 
configuration eliminates the circumferential variation 
in the flowfleld induced by the stationary blade rows 
and thereby simplifies data acquisition and analysis. 

Optical access Is provided by a glass window which 
is 102 mm long In the axial direction and 51 mm wide 
(11 degrees arc) in the circumferential direction. The 
window material is 3 mm thick commercial window glass 
formed to the outer endvall contour. Static blade tip 
clearance was set at 1 mm under the window. Window 
washing is performed about once an hour during compres- 
sor operation by Injecting automatlve window washing 
fluid into the endvall boundary layer through a row of 
0.5 HID holes located 230 mm upstream of the window. 

Laser anemometer measurements were made along the 
design streamsur faces shown in Fig. 1. Measurements 
are distributed at axial locations between z ■ -25*4 
mm and z ■ 50.8 mm as shown along streamsurface 2. 
Conventional probe survey measurements were made at 
Stations 1 and 2 using a 6.4 mm diameter combination 
probe. The probe used contains a thermocouple, total 
pressure tube* and null balancing static pressure holes 
for measurement of total temperature* total pressure* 
and flow angle. Details of the conventional survey 
data acquisition and reduction system are given in [b]. 
The operating points at which LA surveys were performed 
are shown in the performance map for the rotor as mea- 
sured using the conventional instrumentation (Fig. 2). 

LASER ANEMOMETER SYSTEM 

The laser anemometer is a single-channel* dual- 
beam system with on-axis backscatter light collection. 
The LA system optical layout is shown in Fig. 3. The 
laser light source Is a 1.6 W argon-ion laser operating 
at 514.5 am. The beam crossing angle is 2.825 degrees 
and the fringe spacing is 10.4 ym. The probe volume 
diameter based on the 1/e^ Intensity points is 125 pm. 
The length of common intersection of the crossing beams 
is about 4 mm. The effective length of the probe vol- 
ume is reduced to about 2 mm by placing a mask on the 
central portion of the focusing lens located in front 
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of th« phoCoBuItlpller tubo. lUckacAttor light is col- 
loctod through «n 11 dogroe con« angle* 

The entire optical eye tea is aounted on an x-y 
traversing table vhich is used to set the probe volume 
axial and radial position. A rotatable beam splitter 
is used to rotate the plane of the laser beams for nea- 
surenent of velocity coaporents at various angles from 
the axial direction* The beams noaiaally enter the 
compressor rotor in the radial direction. A beam di- 
rector mirror is used to direct the beam away from the 
radial direction by ±10 degrees to minimize shadowed 
regions caused by blade twist as shown in Pig* 4. 
Without variable bean direction, 20X to 30X of the 
blade-to-blade passage at the hub would be blocked due 
to blade twist at sections AA and BB« Another advan- 
tage offered by the variable beam direction is that it 
gives some capability of measuring radial velocity com- 
ponents. 

Keasurements to within 1 isa of the endwalls are 
made possible by using a fluorescent dye seed material 
and an optical filter. Without the fluorescent seed, 
reflected light from the endwall surfaces prevents nea- 
surenents at radial positions less than 10 na from 
either endwall. Seed particles are generated by spray- 
atomisation and are injected into the inlet through a 
6.4 mm diameter tube located 460 mm upstream of the 
rotor face. The seed material consists of rhodamloe 
66 dye dissolved in a benzyl alcohol, ethylene glycol 
solution [?]. When a seed particle containing this dye 
crosses the LA fringe system the particle absorbs the 
green incident light and fluoresces orsnge. An orange- 
pass filter placed in front of the photomultiplier tube 
optically filters out green light reflected from blade 
and endwall surfaces and passes orange light scattered 
from the seed particles. 

DATA ACQUISITION 


terminal is used to generate a graphic display vhich is 
typically updated every 15 seconds baaed oc the data 
accumulated to that point in the run. The display con- 
sists of a histogram of the number of measurements at 
each shaft position and a blade- to-blade velocity dis- 
tribution averaged across the 20 measured blade pas- 
sages along the circumferential measurement path. This 
real-time display adds to the efficiency of the system 
since it enables the operator to monitor the data ac- 
quis! ton process and cermittate a run if necessary. Ac 
the conclusion of each run, a data table of N., 

^ f^, 2 stored on disk. Subscript j Is 
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the shaft position number which runs from 1 to 1000, N 
is the total number of measurements at position j, and 
f^ is the LA signal frequency of the 1^^ measure- 
ment at position j. Further details of the data ac- 
quisition system can be found In reference [sj. 

DATA REDUCTION 

The measured particle fringe crossing frequency is 
converted to velocity by multiplying by the fringe 
spacing. The velocity is corrected to standard day 
conditions using the relation 

Vc ■ 

where is the corrected velocity, T is the tem- 
perature measured in a plenum chamber upstream of the 
compressor inlet, and T is the standard-day temper- 
ature. For each measure! component of velocity the 
mean and standard deviation at each shaft position are 
then calculated from 


The data acquiaition technique is efficient in 
that it allows free- running of the LA system. Unlike 
several other LA systems used In turbomachinery re- 
search [it 3, 4], Che optical system is not gated by a 
onc^per-rev or once-per-blade signal, but Is free Co 
make velocity measurements whenever a seed particle 
crosses the probe volume. The technique is implemented 
by using a dedicated minicomputer to control data ac- 
quisition. The seed particle fringe crossing frequency 
(which is proportional to the particle velocity) is 
measured by a commercial counter-type processor. The 
rotor shaft position is generated by an electronic 
shaft angle encoder which provides a continuous measure 
of the rotor shaft position relative to a once-per-rev 
signal obtained from the rotor disk* When a velocity 
measurement occurs the minicomputer records the fre- 
quency and shaft position as a data pair. At each 
axial and radial position surveyed, data are recorded 
at 1000 different shaft positions. These positions 
are typically distributed as 50 positions per blade 
passage across 20 consecutive blade passages. 

It is significant that the velocity measurements 
do not really occur at a discrete shaft position, but 
rather are made anywhere within an interval between 
adjacent rotor shaft positions marked by the shaft 
angle encoder* With 50 intervals per blade passage, 

Che Interval length varies between 0.43 on at the hub 
and 0*61 mm at the tip of the blade* In this paper 
Che term 'shaft position' is used with the understand- 
ing that measurements attributed to a shaft position 
actually occur in an interval about that position. 

A typical run consists of collecting 30,000 mea- 
surements yielding an everage of 30 measurements at 
each shaft position* Run times typically vary between 
15 and 45 seconds. During data acquiaition a graphics 
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The velocity magnitude and flow angle are calcula- 
ted at each position using data from runs made at dif- 
ferent beam orientations. The geometry of the beam 
orientation is shown in Fig. 5. The measured velocity 
component lies along line AA which is in the plane 
of the beams and perpendicular to the bisector of the 
crossing beams. The beam bisector can be deflected in 
an off- radial direction by the beam director mirror. 

The beam bisector is restricted to the (R,6) plane and 
the deflection angle la denoted by ^ . The rotatable 
beam splitter Is used to rotate the direction of the 
fringe normals about the R'-axia (which is alined with 
the beam bisector). The angle between the fringe nor- 
mals and the Z-axis la denoted by and is measured 

In the (Z,e') plane. The mean and standard deviation 
of the z,6,r velocity components are calculated from 
the three equations 
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V cos a. + cos 0. + cos y."V i ■ 1,2,3 

z 1 u X r X 

where subscript i denotes each different beam orien- 
tation and 

cos a • cos ^ 

X 

cos 0 • cos sin 
cos Y ■ sin <p sin ^ 

Yr Tg 

The two equations 

V cos a. + Vq cos 0. - V 1 ■ 1,2 

X 1 o 1 

can be used to calculate V and V. using data ob- 

Z V 

tained during two runs made at different angles 

with • 0. In practice the angles for the two 

runs are equal but are set to some non-zero value in 
the range ±4 degrees to minimize the blade shadow re- 
gions. Thus the calculated component of velocity 
actually lies along the 6' direction. However, the 
difference between the calculated velocity in the 6' 
direction and the velocity In the 6 direction is 
small compared to the measurement error since the co- 
sine of four degrees Is 0.9976. 

The velocity distribution across the 20 measured 
blade passages is considered to be 20 separate observa" 
tions of the flow in an average blade passage. Veloci- 
ties at corresponding points relative to the blade in 
each Individual blade passage are averaged together to 
yield a spatlally-ensemble averaged blade- to-b lade vel- 
ocity distribution. The averaged velocity distribution 
may be compared to the velocity distribution in indi- 
vidual blade passages to assess passage-to-passage flow 
variations, 

MEASUREMENT ERRORS 

The error in axial and radial probe volume posi- 
tioning is 10.05 mm. The errors in setting the beam 
splitter and beam director angles ate ±0.03 degree and 
±0,01 degree, respectively. The error in a single LA 
measurement is a function of flow turbulence intensity 
and random noise In the photomultiplier tube signal. 

It Is difficult to make an error estimate for an Indi- 
vidual measurement since this noise is generated by 
background radiation which varies with each measure- 
ment. However, the statistical confidence in N indi- 
vidual measurements made at a given shaft position is 



where k is the length of the confidence Interval and 
c Is the confidence level. N is approximately 30 for 
each point in the velocity distribution across an indi- 
vidual blade passage. N is approximately 600 for each 
point in the ensemble-averaged velocity distribution, 
since the averaged distribution is calculated from the 
20 individual blade- to-blade velocity distributions. 

All error bars which appear la this paper are for a 
95X confidence level (c • 2). It should be noted that 
V' results from the sum of the flow fluctuation ef- 
fects such as those Caused by turbulence, velocity var- 
iations due to rotor speed drift, and velocity gra- 
dients in the tangential direction across the measure- 
ment shaft position interval, plus the previously men- 
tioned random noise in the photomultiplier tube slgiial. 
The maximum velocity gradient in the tangential direc- 
tion occurs across the passage shock during transonic 
operating conditions and Is on the order of IX per 
shaft position interval. Observations indicate that 


the rotor speed drift during a run is on the order of 
0.3X. 

Least squares polynomial curves are fit to the 
data prior to comparing velocity distributions. One ad- 
vantage to this approach is that Che fitted curve con- 
tains information from all 1500 measurements made in a 
blade passage (30 measurements at each of 50 points), 
while the data at a single shaft position are based on 
only about 30 measurements. Typically the difference 
between Llie data and the fitted curve is IX Co 2X. 

Two additional sources of measurement error are 
statistical and angle biasing. Statistical biasing 
arises because of the following. First, the velocity 
magnitude varies with time* Second, for a uniformly 
seeded flow more particles cross the probe volume per 
unit time when the velocity Is higher than the mean 
than when the velocity Is lower than the mean. An 
arithmetic average of measurements made over a given 
period of time therefore yields a calculated mean velo- 
city which is higher than the true mean. Statistical 
bias can be removed using Che relation [s] 

v-7^/[i + (wv)3 

where subscript b ^denotes biased measurements. Typi- 
cal values for (VVV). outside of blade wake and shock 
0 

regions are 3X to 6X, which result in a 0.4X correc'- 
cion. Because this correction is small, the data have 
not been corrected for statistical bias. 

Angle biasing [9] occurs because the flow direc- 
tion fluctuates with time. More measurements per unit 
occur when the flow direction is parallel to the fringe 
normal direction than when the flow direction fluctu- 
ates away from the fringe normal direction. The error 
in an arithmetic average of the velocity measurements 
made over a given time period is proportional to the 
angle between the fringe normals and the mean flow di- 
rection. This error is IX or less when Che angle be- 
tween the fringe normals and the mean flow direction is 
less than 20 degrees. In the pre&enC work Che 
fringe orientation angle is set at ±15 degrees from the 
average flow angle to minimize angle biasing error. 
However, the flow angle changes by 30 degrees across 
wakes and passage shocks. Therefore there are regions 
in which the angle between the fringe normals and the 
velocity vector Is on the order of 45 degrees which 
could result in a 4X error in the measured velocity* 

SEED PARTICLE DYNAMICS 

The rotor passage shock can be used to determine 
particle lag and seed particle size using the method 
described in [3]. A Stokes drag model Is used to pre- 
dict the velocity response downstream of the shock for 
a particle of diameter D . The resulting equation Is 

- S - ‘=2>/(‘=l - S>] - (''n - 

where 

C. - pre-shock gas velocity normal to the shock in the 
^ (Z,8) plane 

* post-shock gas velocity normal to the shock In the 
^ (2.0) plane 

V ■ particle velocity component normal to the shock in 
“ the (Z.e) plane 
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X « pAttlcXt dlctaact noroxX to th« shock 
n 

• • cct a 

lti« rslstivo flov sngls 0^^ snd the shock inclination 
angle a are defined in Fig. 6. The xaeasureo velocity 
component ae a function of z ie detert&ined from 
the enseog>le*ave raged blade- to-blade distribution of 
relative velocity using the geometry ehovn in 

Fig. 6» irhere a is the distance downstream of ;:he 
shock along the circumferential measurement path. This 
procedure assumes that the distribution of is tmi- 

foim along the face of the shock over the distance 

s • sin a* Typical values of s and a used in the 

above calculations are 14 mm and 10 degrees, respec- 
tively, which yield s • sin a • 2.4 nm. 

The particle diameter D is determined In the 
following manner: For various vsJues of D . is 

calculated at given values of using the known val- 
ues of p^, v^, C. • and C^. The particle diameter 

P g g 1 ^ 

is thrn taken as the value of which yields the best 
agrees int between the calculated and measured distribu- 
tion of as s function of z^. The results of two 
port Ids sise ds terminations arc shown in Fig. 7. Each 
data point in the figure is based on approximately 600 
measurements. The data were obtained under identical 
flow and signal processor conditions at two different 
axial stations. The only change made in the LA system 
between the two runs was the removal of the orange fil- 
ter used in Che fluorescent dye technique. T!ie agree- 
ment between the date obtained at axial stations 

X ■ 10.2 am and a • 12.7 mm Indicates that V is 

n 

uniform along the face of the shock over distances of 2 
to 3 fan. With the orange filter in place, the minimum 
diameter of the particles detected by the optics Is 
about 1. 4 ym, while the diameter of particles detected 
without the filter In piece is 1.2 ym. This differ- 
ence in diameter reflects the loss in signal atrengch 
in passing through the orange filter. With the LA 
counter^ processor threshold level held constant, a 
larger particle diameter is necessary to trigger the 
counter circuitry when the filter is In place. 

The results shown in Fig. 7 Indicate that the dis- 
tance required for the particle velocity to decay to 
within 5% of the post- shock gas velocity Is about 12 mm 
normal to the shock. This is about 13 tm or 132 of the 
blade chord in the relative flow direction. Note that 
the flow angle as well sa the velocity magnitude is in 
error In the lag region. Additional particle size de- 
terminations performed with the orange filter in place 
yield particle sizes ranging from 1.2 to 1.5 ym. Al- 
though the minimum particle size detected by the optics 
Increases with the orange filter in piece, comparisons 
of blade- to- blade velocity dletrlbutions measured under 
identical flow conditions with and without the filter 
in piece indicate no differences greatar than the ex- 
perimental error in the velocity distribution results 
due to the uee of the filter. 

The passage ehock le not the only region in the 
blade peaeese where particle tracking may be a problem. 
Maxwell [lOj analyzed seed particle flow in an axial- 
flow compresaor rotor elmilar to the test rotor used in 
the present study. He obtained e nuserlcel solution 
for the gas flowfiald and than intagratad the particle 
equation of motion to determine the particle path and 
valocity. The rasulte indicate that for 1.5 ym dlam- 
atar partlclaa the particle- to- gat velocity ratios are 
0.90 < V /V < 0*96 in the leading edge region and 
P t 


0*9S < V /V < 1.02 through the ramalnder of the blade 
paaesga.^ pfrticla angular devil tion was found to be a 
maximum of 6 dagraaa along the auction aurfaca and 
across the bleda peaeage at the trailing edge. 

EESULTS AMD DISCUSSION 

Flow phantnana studied during the initial applica- 
tion of the LA system include varlationi in flow from 
passage- to-paesaga, shock aurfaca location, velocity 
changes across shock wsvas, three- dimensional flows in the 
blade wake, and the development of the andwall boundary 
layer. Tn addition, LA measureiBcnts vara compared tonu- 
tierical results within the blede row end to conventional 
probe me^isuramenta at atatiune outside of the blade row* 
The reaulta obtained will be briefly diacuaaad* 

Feasege-to-Feseage Flow Variations 

One advantage of the currant data acquisition 
scheme is the ability to record velocity measuranaace 
across consecutive individual blade paaaagaa* Paaaaga- 
to- passage var let ions In flow conditions esn be ob- 
served end analyzed by using data from the individual 
blade paBaagaa. As an exan^la, the distribution of ab- 
solute velocity across five consecutive blede pessagee 
is shown in Fig. 8 at four axial atationa (given in 
percent axial chord) along streamaurface 1 (near the 
tip). The operetlng point is near stall at 75X of de- 
sign speed. At -252 and 22 chord the flow in pasaaga 9 
is clearly different from that In paaaegea 8 and 10* 

The variation in flow between paasagae at 22 chord may 
be caused by small variations in leading edge gaomatry 
and axial location. Least squsres curve fits of the 
velocity distribution in passages 8 and 9 are compared 
to curve fits of the averaged vel«>clty distribution in 
Fig. 9 where the blede locations sra denoted by the 
cross-hatched areas. The error bare in Fig. 9 repre- 
sent twice the standard deviation between the fitted 
curve and the data end therefore encompees 952 of the 
date points. Using the averaged curve fit as a rafat- 
ence, we see that the flow variation batwaan passages 8 
and 9 is a maximom of 202 near the leading edge* The 
data shown here represent the greet eat passage- to- 
passage velocity variation observed in the present work. 
At operating points nsar msxlmum efficiency the inci- 
dence angles sre small and Chare is less turning around 
the blade leading edge relative to that for the near 
stall case. Pessege-to-pessage flow variations st 
these operating points are on the order of 52 or leaa* 

Blade- to- Blede Velocity Dletrlbutions 

It Is generally desirable to use the ensemble- 
averaged velocity distributions when performing data 
analyses beesuee the ensemble-evereged data aat, which 
contains 50 points in ths aversgad valocity distribu- 
tion, is much smaller than tha unavaragad data aat 
which contains 1000 points in tha valocity distribu- 
tions across 20 blada passages. A possibla sourcs of 
error in using tha averaged data la tha tendency to 
smear out details of the velocity distribution by sver- 
eging across the 20 blade passages. Kowsvsr, comparison 
of the averaged end unevereged distributions in Fig* 9, e 
worst- cess exsopls, indicates that velocity distribution 
details are not significantly modified by averaging. 

Enaemble-avtraged blada- to-blada distributions of 
velocity end flow angle measured on streemsurfeee 1 
(near the tip) at 232 chord under transonic opatatlng 
conditions are shown in Fig. 10. Tha operating point 
is at design spaed near stall mass flow. Tha paasaga 
•hock location la indicated gy the rapid change in val- 
ocity and flow angle at mid-paasaga. Note that tha 
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absolute flov resalna axial until it ancouncera the 
shock even though the Maaurai»ent station Is located 
veil behind the leading edge. The shock turns the ab- 
solute flov by aore than 30 degrees which represents 
75% of the Cuming neasured at Che blade trailing edge. 

Rotor Shock Surface Mapping 

The three- dlacnalonallty of the rotor shock ays tea 
la shown graphically In Pig. 11 where the shock loca- 
tion on streaasurfacea 1»2,3 (near-tlp» aid-span* and 
near-hub* respectively) is plotted for the maxlaiia aass 
flov condition at 100% design speed. The Inlet rela- 
tive Mach nuaber varies from 1.16 on the near-hub 
streaasurface to 1.39 on the near-tip streaasurface. 

The blade sections and shocks are radially projected to 
eliminate the spanw^se variation of blade spacing. The 
shock location is determined from velocity distribu- 
tions of Che C3rpe shown In Fig. 10. The flow behind the 
passage shock is supersonic on all three streaasurf aces . 
At mid-span and near the hub (atreaaaurfaces 2 and 3, 
respectively) the flow then diffuses to subsonic veloci- 
ties within the blade passage without passing through 
another shock. However on streansurface 1 (near the 
tip) the flow passes through a normal shock naar the 
blade trailing edge. 

The swept back blade leading edge creates a shock 
surface which leans back in the flow direction from hub 
to tip. Flow turning across the Inclined shock in the 
meridional plane generates an increase in the radial 
velocity component toward the tip downstream of the 
shock. As noted in [2*4]* the values of relative vel- 
ocity and flow angle measured across Che shock do not 
satisfy the isentroplc normal shock relations even af- 
ter correction for particle lag effaces. It is found 
that an outward radial velocity component upstream of 
the shock must be assumed in order to satisfy the shock 
relations* The corresponding calculated streamline 
slope Just upstream of the shock in the meridional 
plane Is on the order of 40 degrees. The calculations 
are sensitive to velocity magnitude and flow angle and 
to shock inclination angle In the meridional plane. A 
2% to 3% deviation In velocity results in a 15% devia- 
tion In the calculated atreamllne slope. Although at- 
tempts to measure the radial velocity component near 
the passage shock were not successful* a strong deposi- 
tion of seed particles was observed on the window in 
the outer casing around the passage shock region. This 
may indicate that a radial outward flow is present in 
the vicinity of the shock. 

Rotor Wake Measurements 

Averaged velocity distributions measured dowtir 
stream of the rotor at 70% design speed and at both 
maximum efficiency and near-stall conditions are shown 
in Fig. 12. The measurements were made on streaosur- 
face 1 (near the tip)* at station 2* The averaged vel- 
ocity distribution is repeated so that the wake appears 
in the center of each plot. The radial velocity 
and streamline slope in the meridional plane are 
defined as positive outward toward the tip. The 
streamline slope outside of the wake agrees with Che 
design streamline slope of -12 degrees. Outward radial 
velocities In the blade wake are to be expected due to 
the radial pressure imbalance on the wake fluid. The 
radial outward flow* lelativa velocity defect* and wake 
width are all larger at the near-stall point chan at 
the maximuffl efficiency operating point. 

Endvall Boundary Layer Development 

The development of the outer endvall boundary 
layer at design speed and otaximum mass flow is shown In 


Fig. 13. The effective probe volume length of 2 mm is 
indicated in the figure. The velocity at each data 
point is obtained by arithmetically averaging all 30*000 
measurements obtained aloxig Che circumferential measure- 
ment path. The apanvise location of each point is the 
location of the probe volume center. Averaging acroaa 
Che finite prebe volume length reeults in measured vel- 
ocities which are higher than the true velocity* par- 
ticularly near the wall. The boundary layer downstream 
of the blade is thinner than that upstream of the blade. 
This thinning of the boundary layer reflects the energy 
addition which occurs in passing through the rotor. 

Comparison of LA Measurements and Kumerlcal Results 

The resuJts of a finite difference solution [ll] 
of the 8 cream function equation on 6tream£>arface 2 are 
compared tc LA measurements in Fig. 14. The measure 
ments were performed at 70% design speed near the maxi- 
mum efficiency operating point. The cross-hatched 
areas near the blade surface denote regions in which no 
measurements were obtained. The numerical and experi- 
mental results display reasonable agreement in the ex- 
pansion region arout^d the blade leading edge, but the 
LA measurements indicate less diffusion than predicted 
by the numerical solution near the pressure side of Che 
blade passage in the rear portion of the passage. This 
behavior may be due to the fact that the ninoerical model 
is invlscid and therefore cannot account for the dis- 
placement thickness effect of the blade wakes. 

Comparison of LA and Conventional Probe Measurements 

LA measurements are coog>ared to conventional pres- 
sure survey measurements at stations 1 and 2 (see 
Pig. 1). The conventional instrumentation measutes 
velocity and flov angle averaged along the entire cir- 
cumference at a given axial and radial poslton. All 
30*000 LA measurements obtained along a circumferential 
measuremenc path are therefore arithmetically averaged 
for comparison with the conventional survey measure- 
ments. The LA and conventional measurements are not 
made simultaneously since different compressor casings 
are used for the LA and survey runs* and measur jnent 
repeatability is therefore a factor to be considered in 
comparing results. The measurement repeatability of 
each instrumentation system when the compressor rig 
conditions are not changed is 1%. The repeatability In 
resetting the compressor rig conditions is 2%. Two 
additional factors which affect the comparison of re- 
sults are the presence of a seed injection probe wake 
during LA measurements and probe blockage effects dur- 
ing pressure survey measurements. Although the seed 
Injection probe is located 72 probe diameters upstream 
of station 1* a limited number of LA surveys made at 
station 1 in the 6-directlon indicate that a 2% to 4% 
velocity defect from the seed injection probe Is pre- 
sent at station 1. During pressure survey measurements 
there are four probes each at stations 1 and 7 and 
eight additional probes downstream of station 2. When 
the probes are fully extended for measurements near the 
hub* the total frontal area for the four probes at each 
station is 2% of the annulus area at the rotor face. 

An observed decrease in wall static pressures during 
probe injection indicates that through! low velocity 
variations due to probe injection do exist. 

The LA measurements of absolute velocity and flow 
angle at station 1 agree with the pressure survey mea- 
surements to within 4%. This is considered reasonable 
in view of the factors discussed above. The absolute 
velocities measured at station 2 by the LA and survey 
probe agree within 7%, but the flow angles measured by 
the two systems disagree by as much as 14%. The dis- 
agreement between the measured flow angles lo due to 
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differences In the aeesured velocity coaponent. 
Agreenent between the velocity coaponent msMured 
by the LA end the survey probe is coapereble to the 
egieetsent et stetion I» but the coaponent at«sured 
by the LA is lOX to 15Z lover then thet oeesured by the 
survey probe. The reesons for this difference require 
further study. 

AND OONaUDINU REHASKS 

The epplicetiott of e leser eneooiaeter system to the 
neasureoent of flow in a transonic exial flow coopres- 
sor rotor is described. Use of e dedicated oinicompu* 
ter to control data acquisition ellove rapid accuoula** 
tion of date with high spatial resolution in the blade- 
to- blade direction and the recording of data across 20 
individual blade passages. A fluorescent dye technique 
reduces probleas due to Incident light reflection fron 
avtal blade passage surfaces and allows aeasurenents to 
be made in the endvall boundary layers. The ability to 
direct the input laser benas away from the radial di- 
rection allows ainiaization of blade blockage effects 
and enables the aeasureaent of radial velocity coapo- 
nents. 

Future research plans Include holographic inter- 
ferometric studies of the rotor shock systea. Shock 
pattens measured by the hologrephlc technique will be 
coapared to those messured by Che LA. Future LA re- 
search will involve aeasureaents in compressor stages 
with stator blades present so that both rotor and sta- 
tor flowfields and the extent of the circuaferential 
variations in Che rotor flowfield induced by the atetor 
may be investigated. Survey probe and LA aeasurements 
will be made simultaneously to further invest igate 
differences between the velocities measured by the two 
systeas and to investigate the significance of survey 
probe blockage effects. 
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NOMENCLATURE 

c confidence interval 

C. pre- shock gas velocity normal to the passage 

^ shock in the (Z»6) plane 

C^ post- shock gas velocity norasl to the passage 

^ shock In the (Z*6) plane 

D seed particle diameter 

P 

f seed particle fringe crossing frequency 

k confidence interval length 

N number of Beasurements 

PR total preaaure ratio across Che rotor 

PS blade pressure surface 

r radial distance 

a distance along circuaferential aeasureaent 

path 

SS blada suction surface 

T^ plenum tes|>erature 

T standard day temperature, 518.7 degrees 

* Rankin. 


U wheel speed 

V velocity 

^ABS absolute flow velocity 

V particle velocity coaponent nonnal to the pas- 

sage shock in the (Z,6) plane 

^REL relative flow velocity 

H compressor mass flow 

X particle distance normal to the passage shock 

t axial distance 

a,6,Y laser beaa orientation angles aeaaured from 

the z,0,r axes 

atreaaline slope in the meridional plane 
^ABS absolute flow angle 

^REL relative flow angle 

G circuaferential distance 

V kinematic viscosity 

p density 

^ angle between the beam bisector and the radial 

direction 

^ angle between the fringe normals and the axial 

* direction 

Subacripts: 
b biased 

c corrected to standard day conditions 

g gas 

i denotes 1^^ measurement at a given shaft 

position 

J shaft position number 

a aeasured 

p particle 

r radial direction 

z axial direction 

0 tangential direction 

Superscripts: 

_ denotes mean quantity 

^ denotes fluctuating quantities 
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Figure 5. - Coordinate system and LA beam orientation. Figure - Relation between the relMive velocity V|^£l and t*'- shodt normal 

velocity component V_. 
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Figure 9. * Comparison between curve fits of the ensemble- 
averaged and individual blade passage distributions of abso- 
lute velocity. Streamsurface 1, 75% speed, PR • 1. 33, W • 
123 kg/m^/s. 
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Figure 13. • Development of the outer cndMil 
boundary layer. 100* speed. PR -1.53, W • 
205 kg/mv$. 
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Figure 14. • Compirison of measured end calculated distribution of relative 
velocity. Stream surface i 70 percent speed. PR • L 19, W -198 kgfmvs. 
Contours In m/s. 


